Caspase-1 is a cysteine protease responsible for the processing of the proinflammatory cytokine 30 interleukin-1β and activated by the formation of inflammasome complexes. Although several 31 investigations have found a link between diet-induced obesity and caspase-1, the relationship of 32 remains controversial. Here, we found that mice deficient in caspase-1 were susceptible to 33 high-fat diet-induced obesity with increased adiposity as well as normal lipid and glucose 34 metabolism. Caspase-1 deficiency clearly promoted the infiltration of inflammatory 35 macrophages and increased the production of C-C motif chemokine ligand 2 (CCL2) in the 36 adipose tissue. The dominant cellular source of CCL2 was stromal vascular fraction rather than 37 adipocytes in the adipose tissue. These findings demonstrate a critical role of caspase-1 in 38 macrophage-driven inflammation in the adipose tissue and the development of obesity. These 39 data provide novel insights into the mechanisms underlying inflammation in the 40 pathophysiology of obesity. 
Respiratory gas and locomotor analyses 134
Mice were housed individually in a metabolic chamber for 48 h to allow them to 135 adapt to the environment and to attain a constant respiratory exchange ratio (RER). Respiratory 136 gas (O 2 and CO 2 ) analysis was performed using an open-circuit metabolic gas analysis system 137 connected directly to a mass spectrometer (Arco2000; ArcoSystem, Chiba, Japan). Oxygen 138 consumption (VO 2 ), and carbon dioxide production (VCO 2 ) of each mouse were measured 139 every 5 min in each cage. RER was calculated as the ratio VCO 2 /VO 2 . Locomotor activity of 140 each mouse was determined using an activity monitoring system (ACTIMO-100; Shinfactory, 141 Fukuoka, Japan) combined with individual metabolic chambers. 142
143

Measurement of inflammatory cytokines 144
Levels of CCL2, TNF-α, , interferon (IFN)-γ, leptin, 145 adiponectin, and insulin were assessed using a mouse enzyme-linked immunosorbent assay 146 (ELISA) kit (R&D Systems, BioVendor, and Shibayagi Co., Ltd.) or cytometric bead array 147 (CBA) kit (BD Biosciences). For the CBA analysis, flow cytometry (FACSVerse, BD 148 Biosciences) was used. WAT protein was extracted in RIPA buffer with protease inhibitor 149 cocktail and CHCl 3 . Total protein concentration was masured using Pierce BCA protein assay 150 kit (Thermo Scientific). 151
152
Migration assay 153
Resident peritoneal macrophages from the mice were harvested, and macrophage7 migration in response to CCL2 was assessed using 5-μm pore size transwell plates. 155 156
Real-time RT-PCR analysis 157
Total RNA was prepared from the adipose tissues using ISOGEN (Nippon Gene Co., 158
Ltd., Toyama, Japan) following the manufacturer's instructions. Real-time RT-PCR analysis 159 was performed using the Takara TP960 PCR Thermal Cycler Dice Detection System (Takara 160
Bio Inc, Shiga, Japan) to detect mRNA expression. Gene expression was normalized using Actb 161 (β-actin) expression using the software provided with the system. Sequences of primers used for 162 real-time RT-PCR analysis have been described elsewhere (11). 163
164
Cell and adipose tissue cultures 165
Adipose tissues (epididymal and subcutaneous WAT tissues) were carefully excised 166 from WT or Casp1-KO mice on normal chow diet and divided into pieces of equivalent size. 167 The pieces were weighed and cultured overnight in 1 mL of Dulbecco's modified Eagle's 168 medium (DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS), and 1% 169 antibiotic-antimycotic solution (Sigma). The next day, culture media were replaced with new 170 media in the presence or absence of 10 ng/mL LPS, and the tissues were cultured for 24 h. 171
To obtain the adipocytes and stromal vascular fraction (SVF) cells, freshly isolated 172 mouse adipose tissue from WT or Casp1-KO mice on normal chow diet was cut into small 173 pieces and digested in 0.5 mg/mL collagenase type II (Calbiochem, San Diego, CA) in 174
Krebs-Ringer bicarbonate-HEPES (KRBH) buffer at 37°C for 40 min. After washing twice in 175 DMEM, tissue cells were filtrated through series of nylon mesh, and the single cell suspension 176 was centrifuged at 750 x g at 4°C for 10 min. The floating cells were used as adipocytes, and 177 the precipitated cells were used as SVF cells. The cells (adipocytes: 2 x10 5 cells/mL; SVF cells: 178
x10
5 cells/mL) were seeded and cultured overnight, the culture media were replaced with new 179 media in the presence or absence of 10 ng/mL LPS, and the cells were cultured for 24 h. 180
181
Statistical analysis 182
Outcomes with a normal distribution (e.g., flow cytometry results) were analyzed by 183 parametric unpaired t-tests. Outcomes without a normal distribution were analyzed by the 184 following: comparisons of unpaired outcomes were assessed using the Mann-Whitney test; 185 differences among more than three groups were assessed using a nonparametric Kruskal-Wallis 186 test; and longitudinal analyses were performed for body weight and GTT. All analyses were 187 performed using Stata software, release 13 (Stata Corp., College Station, TX). 188
189
RESULTS
190
Caspase-1 deficiency promoted HFD-induced WAT accumulation and obesity 191 We first examined whether a caspase-1 deficiency could influence the development 192 of obesity in mice fed with a normal chow diet or HFD for 8 weeks. In WT mice, the HFD 193 increased the body weight gain from that in mice fed a normal chow diet (Fig. 1A) . 194 Interestingly, Casp1-KO mice gained significantly more body weight than the WT mice did on 195 the HFD. On a normal chow diet, the Casp1-KO mice tended to have greater body weight gain 196 than the WT mice did, but this difference did not reach a statistical significance. Therefore, the 197 following experiments were primarily conducted on HFD feeding. An abdominal CT analysis 198 revealed that visceral and subcutaneous fat contents were also significantly increased in 199 Casp1-KO mice, whereas the muscle content was decreased ( Fig. 1B and C) . Furthermore, the 200 relative weight (tissue weight/body weight) of the epididymal and subcutaneous WATs in the 201 Casp1-KO mice was significantly higher than that of the WT mice ( Fig. 1D-F) . Consistent with 202 this finding, the increased size of the adipocytes was ascertained histologically in both types of 203 WAT in the Casp1-KO mice (Fig. 1G, Supporting Figure 1 for reviewers only). These 204 findings indicate that Casp1-KO mice are susceptible to HFD-induced obesity with increased 205
adiposity. 206
Because caspase-1 is an ICE and induces IL-1β maturation, we next assessed the 207 effect of HFD feeding on the development of obesity using IL-1β-KO mice. IL-1β-KO mice 208 9 significantly gained less body weight than WT mice on HFD feeding (Fig. 1H ). In addition, the 209 relative weight (tissue weight/body weight) of the epididymal and subcutaneous WATs in 210 IL-1β-KO mice tended to be less than that of WT mice ( Fig. 1I and J Since obesity leads to metabolic disorders (e.g., dyslipidemia and hyperglycemia), 216 we next determined the levels of serum TCHO and TG, blood glucose, and plasma insulin. The 217 levels of these parameters were significantly increased in both WT and Casp1-KO mice by HFD 218 feeding ( Fig. 2A-D) . The levels of blood glucose and plasma insulin tended to be higher in 219
Casp1-KO mice than that those in WT mice, but they did not reach the statistical significance. 220
Furthermore, the GTT on a normal and HFD feeding exhibited no differences in glucose 221 intolerance between the WT and Casp1-KO mice ( Fig. 2E and F) . We also assessed energy 222 expenditure and locomotor activity in both strains on HFD feeding and found no significant 223 differences in VO 2 , RER, and locomotor activity between WT and Casp-1 KO mice ( Fig. 2G-I) . 224 These findings suggest that caspase-1 deficiency had no effects on lipid, glucose metabolism, 225 energy expenditure, or locomotor activity. 226 227
Caspase-1 deficiency enhanced WAT accumulation and obesity in pair-fed mice 228
We observed that the food intake tended to be slightly higher in Casp1-KO mice than 229 in WT mice fed a chow and HFD feeding (Fig. 3A) . To ascertain whether the HFD-induced 230 obesity in Casp1-KO mice is attributed to increased food intake, we performed pair-feeding 231 experiments. Similar to the free-feeding conditions, the body weight gain was significantly 232 increased in the Casp1-KO mice under pair-feeding conditions from that in the WT mice (Fig.  233   3B ). An abdominal CT analysis revealed that the subcutaneous fat contents were significantly 234 increased in the Casp1-KO mice ( Fig. 3C and D) . Epididymal fat weight was also increased in 235 10 the Casp1-KO mice from that in the WT mice, but this difference did not reach statistical 236 significance (p = 0.1161, Fig. 3E ). However, there was no difference in the liver weight 237 between these mice. These findings indicate that caspase-1 deficiency enhanced WAT 238 accumulation and obesity independent of food intake. 239 240
Caspase-1 deficiency influenced serum levels of IL-18, leptin, and adiponectin 241
Because caspase-1 also cleaves pro-IL-18 into its mature form (4), and IL-18-KO 242 mice spontaneously develop obesity (19), we assessed serum IL-18 levels, and found that IL-18 243 was detectable in HFD-fed WT mice, whereas IL-18 was not detected in HFD-fed Casp1-KO 244 mice (Fig. 3F) . We also assessed serum levels of leptin and adiponectin, and found that leptin 245 and adiponectin were significantly increased and decreased, respectively, in HFD-fed 246
Casp1-KO mice, compared to those in HFD-fed WT mice ( Fig. 3G and H) . These findings 247 suggest that IL-18, leptin, and adiponectin are involved in the development of HFD-induced 248 obesity in Casp1-KO mice. 249 250
Caspase-1 deficiency promoted macrophage infiltration in WAT 251
Since infiltration of macrophages in WAT is the hallmark of obesity, we assessed 252 this infiltration in WT and Casp1-KO mice fed with HFD using flow cytometry analysis. The 253 number of infiltrated macrophages (CD11b + F4/80 + ) was significantly increased in the 254 epididymal and subcutaneous WAT of the Casp1-KO mice from that in the respective tissue of 255 the WT mice ( Fig. 4A-B to be decreased in Casp1-KO mice (Fig. 4C) . On the other hand, no difference of M1 marker 262 expression was observed (Fig. 4D) There are two possibilities to explain the findings that macrophage infiltration was 268 promoted in the WAT of Casp1-KO mice: 1) the increased migration activity of Casp1-KO 269 macrophages; and 2) the increased production of macrophage-tropic chemokines such as CCL2. 270
To test the first possibility, we assessed macrophage migration using a transwell migration 271 assay and found that there were no significant differences in the migration activity in response 272 to CCL2 between macrophages from the WT and Casp1-KO mice (Fig. 4E) . To test the second 273 possibility, we assessed the inflammatory cytokine levels in the subcutaneous WAT because 274 increased adiposity and macrophage infiltration were found to be more prominent in the 275 subcutaneous WAT of the Casp1-KO mice ( Fig. 3C and 4) . In the subcutaneous WAT, the 276 CCL2 levels were significantly increased the Casp1-KO mice from those in the WT mice (Fig.  277   5) . The levels of TNF-α, IL-6, IL-12p70, IFN-γ, and IL-1β were elevated in the Casp1-KO mice, 278 but it did not reach statistical significance. This result is in accordance with the findings that the 279 infiltration of inflammatory macrophages was increased in the WAT of Casp1-KO mice. 280
To investigate the tissue and cellular sources of CCL2, the epididymal and 281 subcutaneous WATs were isolated and cultured in the presence or absence of the prototypical 282 inflammatory stimulus, lipopolysaccharide (LPS). LPS clearly induced CCL2 production in 283 both types of WAT from the WT and Casp1-KO mice, but CCL2 production in response to LPS 284 was significantly higher in the WATs of the Casp1-KO mice than in those of the WT mice ( Fig.  285   6A and B) . The WAT is composed of different cell populations including adipocytes and 286 non-adipocytes. The non-adipocyte cells were fractionated from the WAT after collagenase 287 digestion, known as SVF. Therefore, we cultured SVF and adipocytes, and assessed the 288 production of CCL2 in response to LPS. A marked CCL2 production was observed in the 289 subcutaneous WAT-derived adipocytes and SVF ( Fig. 7A and B) . Furthermore, the SVF 290 culture from the epididymal and subcutaneous WATs produced more CCL2 than the adipocyte 291 culture did. Additionally, CCL2 production in response to LPS was more apparent in the cell 292 fractions isolated from Casp1-KO mice. These findings suggest that SVF is the dominant 293 cellular source of CCL2 in the WAT. 294
295
DISCUSSION 296
Inflammation plays a pivotal role in the pathophysiology of obesity. Since caspase-1 297 participates in the inflammasome assembly and is an inflammatory caspase, the link between 298 diet-induced obesity and caspase-1 was demonstrated (14, 22, 28) . However, the role of 299 caspase-1 in obesity is still unclear. In this study, we found that mice deficient in caspase-1 300 were susceptible to HFD-induced obesity with increased adiposity, normal lipid profiles and 301 glucose metabolism. The caspase-1 deficiency clearly promoted the infiltration of inflammatory 302 macrophages and increased the production of CCL2 in the adipose tissue. The dominant cellular 303 source of CCL2 was stromal vascular fraction rather than adipocytes in the adipose tissue. 304
These findings demonstrate a critical role of caspase-1 in macrophage-driven inflammation in 305 the adipose tissues and also provide insights into the mechanisms underlying inflammation in 306 the pathophysiology of obesity. 307 Increasing evidence indicates that NLRP3 inflammasomes are implicated in sterile 308 inflammatory diseases. Indeed, the link between NLRP3 inflammasomes and obesity has been 309
reported, yet the role of caspase-1 in obesity remains controversial. Stienstra et al. (22) 310 demonstrated that Casp1-KO mice were resistant to HFD-induced obesity and insulin resistance 311 through enhanced energy expenditure. Conversely, two studies by Kotas et al. (14) and Wang et 312 al. (28) reported that Casp1-KO mice were susceptible to HFD-induced obesity. Although the 313 latter studies are consistent with our results, they did not evaluate any macrophage-driven 314 inflammation. Thus, our results provide additional information regarding increased obesity in 315
Casp1-KO mice. 316
13
Another important point to be noted is that different HFD was used in each study. In 317 the studies by Stienstra et al. (22) and Wang et al. (28) , HFD containing 45 kcal% fat was used, 318 whereas HFD containing 60 kcal% fat was used in the study by Kotas et al. (14) . Therefore, we 319 postulate that the diet used in each study may have influenced the effect of caspase-1 deficiency 320 on the development of obesity. Supporting this, we used the same HFD (60 kcal% fat) as in the 321
Kotas's study and found consistent results with their findings: increased body weight and fat 322 mass, and no difference of glucose metabolism and energy expenditure. The differences 323 between our study and Kotas's study are serum levels of TG and TCHO on normal chow diet 324 (Kotas et al. did not provide the data on HFD feeding). In this regard, recent studies 325 demonstrated that gut flora can significantly influence lipid metabolism (1). Therefore, we 326 speculate that the discrepancy may be partially explained by the changes of gut flora. 327
In this study, we showed that a caspase-1 deficiency promoted the development of 328 obesity in an inflammasome-and IL-1β-independent manner; this finding is based on the 329 following observations: First, the IL-1β levels in the adipose tissue were not decreased in the 330 Casp1-KO mice. Second, IL-1β-KO mice significantly gained less body weight than WT mice 331 on HFD feeding. In this regard, inflammasome-independent functions of NLRP3 or ASC have 332 recently received increasing attention. For instance, Ippagunta et al. (8) reported that an 333 inflammasome-independent role of ASC, which regulates the migration of lymphocytes, and 334 contributes to the generation of adaptive immune responses. Shigeoka et al. (21) demonstrated 335 that renal I/R injury was attenuated in Nlrp3-KO mice, but not in Asc- 336 and concluded that NLPR3 contributes to renal I/R injury through an 337 inflammasome-independent pathway. Similarly, we have recently demonstrated that NLRP3 338 regulates neutrophil migration and contributes to the pathophysiology of hepatic I/R injury and 339 hyperoxia-induced lung injury independent of the inflammasomes or IL-1β (7, 18). More 340 recently, Bruchard et al. (2) reported that NLRP3 in CD4 + T cells was required for the 341 differentiation of T helper type 2 cells in an inflammasome-independent manner. These findings 342 imply that caspase-1 can function independently of the inflammasomes. Indeed previous studies 343 14 using a proteomic-based approach indicate that in addition to IL-1β, numerous proteins act as 344 candidates for caspase-1 substrates (4, 17). Of these, IL-18 has shown to be implicated in the 345 progression of obesity (19). In addition, IL-18 is processed in an inflammasome-dependent and 346 independent manner (20). Therefore, we assessed serum IL-18 levels and showed that no IL-18 347 was detected in HFD-fed Casp1-KO mice, suggesting the contribution of IL-18 to this process. 348 Further studies are required to elucidate the precise role of caspase-1 in adipose tissue 349 inflammation and the development of obesity. 350 We found that in Casp1-KO mice, subcutaneous WAT was prone to inflammatory 351 responses (e.g., inflammatory macrophage infiltration and CCL2 production), rather than the 352 epididymal WAT. Additionally, we showed that the primary cellular source of CCL2 was SVF, 353 rather than the adipocytes in the adipose tissue. The dominant cells in the SVF are leukocytes 354 (e.g., macrophages and lymphocytes) and stromal cells (e.g., pre-adipocytes and fibroblasts), 355 and macrophages produce a large amount of CCL2 (24) There are several limitations of this study that should be noted: 1) we found that a 361 caspase-1 deficiency increased the production of CCL2. However, the molecular mechanism 362 underlying caspase-1 regulation of CCL2 production in the adipose tissue remains to be 363 addressed; 2) since we observed that the IL-1β levels tended to be elevated in Casp1-KO mice, 364 we postulated that there was little contribution of the inflammasomes and IL-1β to the 365 development of obesity in these mice. Furthermore, the Casp1-KO mice used in this study and 366 in other studies (14, 22, 28) lack both caspase-1 and caspase-11 (10, 15). Therefore, the precise 367 contributions of the inflammasomes and caspase-1 remain to be determined in mice deficient in 368 the inflammasome-related molecules, such as NLRP3, ASC, IL-18, or caspase-1 alone. Thus, 369 further investigations are necessary to elucidate the precise role of caspase-1 in the development 370 
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